Abstract This paper presents new estimates of the hemispheric energy balance based on an assembly of radiative flux and ocean heat data. Further, it provides an overview of recent simulations with fully coupled climate models to investigate the role of its representation in causing tropical precipitation biases. The energy balance portrayed here features a small hemispheric imbalance with slightly more energy being absorbed by the Southern hemisphere. This yields a net transport of heat towards the NH composing of a northward crossequatorial heat transport by the oceans and a southward heat flow in the atmosphere. The turbulent fluxes and hemispheric precipitation balance to about 3 Wm −2 with slightly larger total accumulation occurring in the NH. CloudSat data indicate more frequent precipitation in the SH implying more intense precipitation in the NH. Fully coupled climate model simulations show that reducing hemispheric energy balance biases does little to reduce existing biases in tropical precipitation.
Introduction
The Earth's climate is determined by the flows (fluxes) of energy into and out of the planet and to and from the Earth's surface. The geographical distributions of these fluxes are particularly important as the latitudinal variation of the top of the atmosphere (TOA) fluxes establishes one of the most fundamental aspects of Earth's climate determining how much heat is transported from low latitudes to high latitudes (e.g., [16, 66, 74] among many others). The further disposition of net TOA energy between the atmosphere and surface is also of fundamental relevance to climate (e.g., [22, 23] ). The surface energy fluxes are fundamental to understanding the carbon, energy, and water nexus. Surface energy fluxes drive ocean circulations, determine how much water is evaporated from the Earth's surface, and govern the planetary hydrological cycle (e.g., [76] ). Changes to the surface energy balance also ultimately control how this hydrological cycle responds to the small energy imbalances that force climate change [2, 3, 51, 60] .
Despite the fundamental importance of the energy balance to our understanding of climate and climate change, there still remain a number of challenges in quantifying it globally and in understanding its behavior regionally. Current depictions of the global surface energy balance (e.g., [41, [62] [63] [64] ) indicate that uncertainties attached to our best depiction of the net surface energy balance are an order of magnitude larger than the small imbalance of approximately 0.6 ± 0. 43 Wm −2 that is This article is part of the Topical Collection on Global Energy Budgets inferred to exist from the ocean heat content (OHC) changes (e.g., [43] among several others). Although the uncertainty in TOA fluxes is also larger than this inferred imbalance, both Wong et al. [77] and later Loeb et al. [46] demonstrated that changes to TOA net fluxes generally track the changes in OHC suggesting TOA flux balances could be tuned to OHC changes. It is for this reason that Loeb et al. [46] apply the global values of OHC as a constraint on the global TOA radiation balance. Nonetheless, Trenberth et al. [70] note that there are still important discrepancies between OHC data and the TOA net flux observations, thus suggesting that even this constraint approach has significant uncertainties with respect to closing the TOA energy balance. No equivalent data record exists for the net energy balance at the surface and no attempt has been made to examine the extent that the global surface energy balance changes also track OHC changes. Recently, considerable interest has been directed towards understanding the more regional changes in energy balance and much of this interest has developed around the study of the hemispheric energy balances. Hemispheric energy balances have been invoked to explain the northern annual average location of the intertropical convergence zone (ITCZ) (e.g., [20, 30, 31, 49] ) and to evaluate the realism of climate models using observations ( [17, 28, 65] ). The properties of this hemispheric balance are updated and reviewed in this study. The various sources of data used in this update are summarized in the next section. Because energy and water are synonymous within the Earth system, the present study also goes beyond the energy balance viewpoint and discusses the hydrological cycle on a hemispheric scale in BThe Hemispheric Energy Balance^. The impact of a hemispherically symmetric energy balance is explored in BSymmetry in Earth System Models (ESMs)^in the form of model experiments that apply adjustments to make the solar reflection approximately symmetric. A series of recent global Earth-system model studies [24, 25, 36] have highlighted the acute sensitivity of Earth's climate and hydrological cycle to the degree to which the hemispheric albedo is symmetric and highlights from these studies are reviewed in BSymmetry in Earth System Models (ESMs)^. Consistent with observations, these modeling studies underscore the importance of advancing dynamical understanding using modeling frameworks that represent the fully coupled and dynamic global atmosphere and ocean circulations.
Data and Methods

Ocean Heat Content
The ocean heat content (OHC) is commonly computed by vertically integrating the ocean temperature profiles multiplied by the density and specific heat of sea water [4, 43] .
Three different sources of quality controlled and gridded temperatures are used: The National Oceanic and Atmospheric Administration (NOAA, [42] ), the Scripps Institution of Oceanography [55] , and the International Pacific Research Center (IPRC). These datasets can be downloaded at www. argo.ucsd.edu/Gridded_fields.html and www.nodc.noaa. gov/OC5/3M_HEAT_CONTENT/. While the Scripps and IPRC datasets combine only Argo float data, the NOAA dataset also includes other in situ measurements, such as expendable bathythermograph (XBT), conductivity, temperature, and depth (CTD) instruments, and mooring data. These datasets contain ocean measurements above 2,000 m depth over the period [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] . The ocean heat storage (OHS) of the last decade was derived from these data after applying robust regression (using iteratively reweighted least squares) to the global and hemispheric OHC time series.
Cross Equatorial Ocean Heat Transport
A cross-equatorial heat transport exists as a consequence of the differential ocean heat content between hemispheres. We make use of various global ocean reanalysis and observationbased surface heat flux (F s ) datasets, which, integrated meridionally and zonally, depict the long-term averaged meridional heat transport. Our main foci are the ECCOv4 [18] and GECCO2 (Köhl, 38) datasets that are based on the same model (MITgcm), but employ different adjusted forcing fields and bulk formulae. Within the Ocean Reanalysis Intercomparison Project (ORA-IP, [5] ), these datasets are shown to be least affected by interior sources and sinks of heat associated with the temperature assimilation and exhibit nearly closed global budgets [71] . For comparison, we include six other datasets, namely the Global Ocean Data Assimilation System Global Ocean Physics Reanalysis C-GLORS [67] , the NCEP Global Ocean Data Assimilation System (GODAS, [7] ), the CORE.2 Global Air-Sea Flux Dataset [40] , the satellite-based J-OFURO2 dataset [39] , the NOCS Surface Flux Dataset v2.0 based on ICOADS v2.4 ship data, and the WHOI Objectively Analyzed air-sea Fluxes (OAFlux, [79] ). Detailed specifics and a comparison of these data products are provided in Balmaseda et al. [5] and Valdivieso et al. [71] .
The oceanic meridional heat transport derived from the ocean surface net heat flux from historical simulations of 35 models archived under the IPCC-AR5/CMIP5 [68] (http://cmip-pcmdi.llnl.gov/cmip5/) is contrasted against the observation-based transports. The historical simulations were derived from models forced by observed atmospheric composition changes reflecting both the anthropogenic (greenhouse gases and aerosols) and natural sources (volcanic, solar forcing, aerosols and emissions of short-lived species and their precursors). The simulations cover much of the industrial period from the mid-nineteenth century to the present and are sometimes referred to as Btwentieth century all forcings1
simulations. In our analysis we make use of a 15-year climatology based on the last 15 years of the simulation period (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) .
Heat Balance Data
Top-of-atmosphere and surface radiative fluxes are from the latest CERES EBAF v2.8 datasets [34, 46] . The shortwave and longwave TOA fluxes are adjusted within their range of uncertainty to be consistent with the global heating rate inferred from in-situ ocean observations and model simulations [45, 46] . The global mean TOA reflected solar irradiance during the period 2000-2010 is 100 Wm −2 with a stated uncertainty in absolute calibration of 2 % (2σ) or 4 Wm −2 [45] . The surface irradiances in the version 2.8 CERES EBAF surface product [34] are based on the CERES SYN1deg-lite product and radiative transfer calculations with satellite-retrieved surface, cloud, and aerosol properties as input [15, 33, 34, 56] . CERES EBAF surface fluxes have been shown to agree unprecedentedly well with in situ land surface and ocean observations [22, 34] .
With the assumption that both the annual heat storage and transport are negligible over land and within the cryosphere [9] , the hemispheric surface net heat flux (F s ) is obtained as the residual of the hemispheric OHS and cross-equatorial ocean heat transport (COHT): F s = OHS − COHT. With this novel approach, we constrain the hemispheric F s by the observed hemispheric OHS. This requires an estimate of the net amount of heat that is moved from one hemisphere to the other. We estimate the COHT indirectly by integrating F s over the area of the ocean (BCross Equatorial Ocean Heat transport^section) from pole to equator (e.g., [20] ) as opposed to applying the direct method of integrating ocean temperatures and current velocities [52] . This may imply a circular argument in the context of deriving the hemispheric F s, but allows us to exploit a large number of datasets (BCross Equatorial Ocean Heat transport^section), providing firstorder estimates that compare well to previous estimates (see below). An improved representation of the COHT considering ocean dynamics is proposed for a future study.
The surface turbulent fluxes are inferred as a residual of the surface radiative budget (CERES EBAF) and the surface net heat flux derived from the ocean data. This approach to estimate the hemispheric energy budget and the terms that define it differs from the recent analyses of Loeb et al. [47] and Liu et al. [44] . These latter studies combine the total and atmospheric heat budgets derived from satellite-retrieved TOA irradiances (CERES) and atmospheric reanalysis (ERAInterim) to infer the surface heat budget as their residual.
Here, the atmospheric heat budget is the residual of the total (derived from CERES TOA fluxes) and the surface heat budget. The total and atmospheric heat transports across the equator correspond to the halved difference between the hemispheric energy budgets and are converted to PW considering a hemispheric surface area of 2.55 × 10 14 m 2 .
Cloud and Precipitation Data
Analysis of cloud and precipitation data derived from the CloudSat spaceborne cloud-profiling radar (CPR, [59] ) also provide context for the discussion of the hemispheric properties of precipitation. The data used are the 2B-GEOPROFlidar profile data that provide our most definitive measure of cloud top heights and cloud area fractions [48] and the occurrence of precipitation based on the most recent version of 2C-COLUMN-PRECIP product that determines the incidence of precipitation from estimates of the path-integrated attenuation (PIA) of the CPR. This version has been extended to include precipitation over land (e.g., [58] ). Other precipitation data include the version 2.2 Global Precipitation Climatology Project (GPCP) [1, 26] , ERA-interim [14, 57] , The Modern Era Retrospective-Analysis for Research and Applications (MERRA) [11, 53] , and the National Centers for Environmental Prediction-Department of Energy Reanalysis 2 (NCEP-DOE R2) product [29] . GPCP is a merged product using data from gauges over land, and from spaceborne sensors over both land and ocean including Special Sensor Microwave Imager (SSMI), Special Sensor Microwave Imager/Sounder (SSMIS), and geostationary and polar orbiting infrared imagers and sounders. The latest version (V2.2) of the monthly 2.5°× 2.5°resolution is used in this study. ERA-interim relies on a 4D-VAR (rather than 3D-Var as in ERA-40) system which uses observations within 12-h windows to initialize forecast simulations. This study uses daily precipitation maps at 1.5°× 1.5°spatial resolution. MERRA uses the Goddard Earth Observing System Data Assimilation System version 5 (GEOS-5; [53] ) to assimilate observations (e.g., radiance data) for the retrospective analyses. In the present study, precipitation is obtained from the latest version of the MERRA product (V 5.2) with resolution of 2/3°longitude by 1/2°latitude. NCEP-DOE R2 uses a global data assimilation system and numerical weather prediction model to produce atmospheric analyses using historical data and also to produce analyses of the current atmospheric state. The spatial and temporal resolutions of the product are ∼1.875°× 1.875°a nd four times daily, respectively.
Ocean Heat Content and Transports
Time series of the global and hemispheric OHC for the period between 2005 to 2015 (seasonal anomalies) based on three different datasets provided by the Scripps, NOAA, and IPRC are presented in Fig. 1 . The global OHC (gray and black lines) linearly increases with time and corresponds to an OHS of 0.5 ± 0.1 Wm −2 when averaged over the entire Earth's surface. The uncertainty range corresponds to the OHS range between the three data products and is consistent with trend uncertainty estimates derived from Argo data by von Schuckmann and Le Traon [75] . By design, this global mean OHS is reproduced in the TOA radiation flux imbalance (Fig. 4) . The hemispheric OHC is provided by the colored curves in Fig. 1 and the OHS reveals that the global heat uptake of the oceans predominantly occurs in the Southern hemisphere oceans (orange line) at a rate of 0.9 ± 0.1 Wm
in agreement with the previous studies of Roemmich et al. [54] and Nieves et al. [50] . The OHC data suggest little heat (0.1 ± 0.1 Wm ) is being accumulated in the Northern hemisphere oceans (purple line). Figure 2 presents the meridional heat transport within the oceans (OHT) derived by meridionally and zonally integrating the ocean F s obtained from the eight data sources noted above. Half of the datasets are substantially out of balance (Fig. 2 , top) except for the ECCOv4 (black), GECCO2 (blue), GODAS (orange), and CORE.2 (green). Hence, we subtract the global mean imbalance in F s from each dataset (values given in the legend of Fig. 2, bottom) and present the corrected OHT in Fig. 2 (bottom) . The ECCO products and balanced NOCS dataset [8] agree best with the hydrographic estimates of Ganachaud and Wunsch [21] on both hemispheres (yellow squares including uncertainty range). These were obtained during the World Ocean Circulation Experiment and typically serve as a reference to ocean model solutions (e.g., [71] ). The well-balanced GODAS and CORE.2 datasets show reasonable agreement in the Northern hemisphere as well, but underestimate the poleward transport in the Southern hemisphere. In Fig. 2 (bottom) , two clusters of COHT are evident. While the J-OFURO2, CORE.2, OAFlux, and GODAS products' COHT is on average (median) 1.02 PW (black circle, Fig. 2, bottom) , the ECCOv4, GECCO2, NOCS, and C-GLORS estimates average to 0.45 PW (red circle). As the latter agree better with the hydrographic estimates, we adopt 0.45 PW as our best estimate for COHT, which is in remarkable agreement with estimates by Loeb et al. [47] and Marshall et al. [49] . As a first-order estimate of uncertainty that covers the range of COHT values found here, we take the most conservative estimate by Ganachaud and Wunsch [21] , suggesting an uncertainty of up to ±0.6 PW at 19°South due to Ekman transport and inverse model errors. Figure 3 presents the multi-model median OHT derived from the historical simulations of 35 CMIP5 models (purple) contrasted against the transports inferred from ECCOv4 (black) and the hydrographic estimates (yellow squares) by Ganachaud and Wunsch [21] . On average, the ocean F s in these simulations is +0.8 Wm −2 out of balance and has been corrected for accordingly. The shading represents the model spread in terms of the median absolute deviation at each latitude. The box plot to the right summarizes the CMIP results for the cross-equatorial flow with the ECCOv4 (black dot), GECCO2 (blue), GODAS (orange), CORE.2 (green), J-OFURO2 (light gray), NOCS (dark gray), OAFlux (asterisk), C-GLORS (black square) results superimposed. The model median transport is ∼0.6 PW (left: red circle, right: red line) but the inter-model spread is substantial as indicated by the interquartile range (box) and total range (whiskers). The net transport of 0.6 PW is well above our best estimate, but lies within the error estimate at 0.45 ± 0.6 PW.
The Hemispheric Energy Balance Figure 4 brings the various data sources together providing a summary of the hemispheric energy budget of Earth. All ) derived from three gridded in situ temperature datasets (gray lines), together with their global (black), NH (purple), and SH average (orange). The corresponding ocean heat storage (OHS, in watt per square meter) with respect to the ocean surface and total surface is derived using robust regression quantities are multi-year averages and some of the fluxes have multiple values. Except for the OHT analysis (BOcean Heat Content And Transports^section), no attempt has been made to adjust fluxes to provide overall balance in each hemisphere. Rather we have chosen to underscore the range in the values as it conveys both a sense of overall uncertainty and an indication of the degree to which the different data sources are imbalanced. The TOA and surface radiative fluxes are from CERES EBAF for the period 2004-2014, the ocean heat storage estimates are the mean of the sources noted in reference to Fig. 1 , the cross-equatorial heat transport within the oceans is the average COHT of ECCOv4, GECCO2, NOCS, and C-GLORS (Fig. 2) , the atmospheric heat budget is the residual of the total (derived from CERES TOA zonally and annually averaged fluxes) and the surface heat budget. As for the total heat transport, the cross-equatorial heat transport in the atmosphere is deduced from the hemispheric contrast in the atmospheric energy budget, assuming a hemispheric surface area of 2. [47] ), the net heat fluxes at TOA are essentially the same. However, in contrast to Loeb et al. [47] who assume hemispheric symmetry in OHS, we implicitly take into account that heat entering the oceans (F s ) is either stored (OHS) or exchanged between the hemispheres (COHT). The COHT of 0. 45 (Fig. 4) and it is not possible to provide a precise closure to the heat balance without some adjustment to individual fluxes. The total heat transport derived from the hemispheric contrast in CERES EBAF TOA net fluxes is 0.23 PW in contrast to the value of 0.12 PW obtained as to the sum of the oceanic and atmospheric heat transport derived from the hemispheric contrast in the atmospheric heat budget. Likewise, the atmospheric heat transport is at 0.22 PW, instead of 0.33 PW, if we assume the value of 0.23 PW from CERES at TOA and the COHT of 0.45 PW. These differences in the cross equatorial [21] heat transports are indicative of the uncertainties in estimating the overall closure and within the uncertainty estimate at 0.6 PW (from [21] ). While the estimates presented in Fig. 4 leave room for discussion and improvement, they do draw a similar picture to those of Loeb et al. [47] .
A notable feature of the energy balance portrayed in Fig. 4 is the near hemispheric symmetry in the TOA energy balance in contrast to the surface radiative fluxes that are slightly more asymmetrical. At the TOA, the SH is slightly out of balance as a result of a small amount of heat being absorbed by the Southern oceans (Fig. 1) whereas the NH appears to be almost in balance. This small hemispheric difference results from a small asymmetry in the OLR (e.g., [64] ) as both the incoming solar and reflected solar are almost identical in both hemispheres (e.g., [72, 65] ). The slight energy imbalance between the hemispheres implies a net transport of heat across the equator from the SH to the NH, which composes of a northward heat transport by the oceans and a southward heat transport by the atmosphere. That the NH atmosphere is warmer in the annual mean than the SH (e.g., [32] ) is reflected in the difference in surface longwave flux with the NH emitting almost 7 Wm −2 more radiation into the atmosphere from the , derived from Argo data by von Schuckmann and Le Traon [75] ) and OHT (0.6 PW, Ganachaud and Wunsch [21] ) add up to 2.4 Wm −2 in F s and the atmospheric heat budget. The turbulent fluxes are the residual of the net heat flux and net radiative flux (CERES) at the surface (orange arrows) warmer NH surface. The hemispheric energy contrast in turn forces an atmospheric transport of heat of 0.33 PW from the NH to the SH (or 0.24 PW according to [47] ). In order to facilitate such a heat transport away from the warmer NH atmosphere to the SH, it has been shown that a displacement of the Hadley circulation is required [19, 78] . This displacement appears to be driven by the northward ocean heat and moisture transports, shifting the precipitation maxima to the NH ( [49] ; Frierson et al. [20] ). The resulting precipitation asymmetry between hemispheres is quantified in the following section.
The Hemispheric Character of the Hydrological Cycle
That the global hydrological cycle is fundamentally controlled by Earth's energy balance has been understood for many years. Given the global heat imbalance is small and largely resides in the SH (Fig. 1) , then the net transport of heat across the equator is also small. Thus the energy control of the hydrological cycle is also expected to apply on the hemispheric scale. Figure 5 provides an analysis of four different sources of global precipitation data separated by hemisphere (Fig. 5, top) and also by hemispheric difference (Fig. 5, bottom) . Data from three reanalysis data sources as well as the GPCP are compared. The hemispheric differences in annual mean precipitation is 0.11 mm/day for GPCP which is approximately 4 % of the GPCP global mean. The NH precipitation is slightly greater than in the SH which may have been anticipated given that the climatological mean position of the ITCZ lies in the NH although this difference can be considered to lie within the uncertainties of the observations. The NH-SH precipitation differences range between 0.20 and 0.29 mm/day for the three reanalysis products which is approximately 6.8-10.5 % of the respective global means of these products. This translates to an approximate difference of 3 Wm −2 between the hemispheres for the GPCP data and 5.8-8.4 Wm −2 for the reanalyses data. Thus the model-based data indicate a substantially more asymmetric precipitation than is apparent in the observational-based GPCP product. The estimates presented here are conditioned on uncertainties inherent to the data products, especially over the Southern oceans [6, 12] . Global statistics on the incidence of precipitation derived from the CloudSat 2C-PRECIP-COLUMN are provided in Figs. 6 and 7. Figure 6 is the global distribution of precipitation incidence accumulated from 4 years of CloudSat data. The incidences shown are for all precipitation types, and the three main modes of precipitation (rain, mixed, and snow) identified in that product. Since precipitation incidence varies according to the scale on which the data are accumulated [61] , the incidences shown correspond to an accumulation of observations on a 2 × 2°l atitude-longitude box. The observations indicate that precipitation tends to be more prevalent at higher latitudes in the form of both mixed precipitation and snow while the incidence of rain is more dominant at lower latitudes. On the hemispheric scale, the 2 × 2°incidences shown in Fig. 7 reveal a distinct difference between hemispheres with precipitation in the SH appearing approximately 17 % more often than the NH. These differences arise from a combination of differences in both rain and mixed phase precipitation. The accumulation (Fig. 5) and incidences of precipitation (Fig. 7) jointly imply that although the NH precipitates less frequently, precipitation is more intense when it occurs. Further research is needed to develop an understanding of the factors that shape these differences and link this behavior to the hemispheric energy budgets portrayed here.
Symmetry in Earth System Models (ESMs)
Given the observed hemispheric energy imbalance, crossequatorial energy transport, and precipitation asymmetry, several studies have sought to investigate the relationship between these features in climate models. Biases in albedo and TOA energy budgets, with related biases in cross-equatorial energy transport, have been associated with the double ITCZ bias observed in many current climate models (e.g., [28] ). Stephens et al. [2015] note that the observed albedo symmetry is not reproduced in the suite of global Earth system models (ESMs) that contributed to the historical CMIP5 simulations. Indeed, a long-standing, large, and ubiquitous radiation bias in climate models is excessive absorption of shortwave radiation (i.e., albedo too low) over the Southern Ocean [28, 69] . Although the potential impact of this lack of hemispheric albedo symmetry has been explored in idealized aqua planet (e.g., [73] ) and slab ocean models (e.g., [13, 19] ), recent experiments with Earth system models reveal a very different response when the models possess a fully coupled, dynamical ocean [24, 36] . Indeed, symmetry experiments performed recently using ESMs have yielded surprising results and the results from two classes of recent experiments that used different approaches to force symmetry are reviewed here.
The first class of experiments is reported in Haywood et al. [25] . In these experiments, the albedo of one hemisphere is approximately uniformly adjusted by three different means. These three adjustment methods include introduction of stratospheric aerosol (STRAT experiment), change in the ocean albedo (OCEAN), and change in cloud microphysics (CLOUD) as a way of tuning the symmetry. The adjustments were applied to increase the albedo of the Southern hemisphere, creating a discontinuity in TOA net flux at the equator. CMIP5. Figure 8a summarizes the northward cross-equatorial energy transports (PW) of the HIST and SOC-mean simulations over the 1979-1998 period. The observed total energy transport ( Fig. 8a) , is also shown. Tabulated values give the cross-equatorial energy transport (PW) from the STRAT, OCEAN, and CLOUD experiments. The main response in these model experiments occurs within the atmosphere and is highlighted in Fig. 8b in the form of a quantitative assessment of the change in the bias with respect to GPCP precipitation for SOC-mean results for the JJA season over six different monsoon land regions. The percentage change in the precipitation bias for each region is remarkable in that the bias is almost universally reduced. Examination of the hemispheric differences in precipitation provides further insight on the model response to this hemispheric forcing. In the HIST experiments, over the 1991-2005 period considered, the NH-SH precipitation is −0.16 mm/day, i.e., the SH precipitation is larger than the NH precipitation in contrast to that observed (Fig. 5) . The NH-SH precipitation difference for the STRAT simulation changes sign and is +0.19 mm/day which is more comparable to the results of Fig. 5 . Figure 9 presents these hemispheric precipitation differences together with the cross Fig. 8 a A summary of the northward cross-equatorial energy transport (PW) from the HIST and the mean (SOC mean) of the STRAT, OCEAN, and CLOUD simulations over the 1979-1998 period, adapted from the Haywood et al. [25] symmetry experiments. The observed total energy transport derived from CERES, and reproduced on Fig. 4 , is also shown. Tabulated values also give the cross-equatorial energy transport (PW) from each of the symmetry experiments. b Quantitative assessment of the change in the bias with respect to GPCP for the JJA season over land in the following regions: AMZ, Amazonia; AF, Sahelian Africa; SAS, South Asia; CAM-W, Central America West; CAM-E, Central America East; SEA, South East Asia; SOF, Southern Africa from the Haywood et al. [25] experiments. The percentage change in the precipitation biases for SOC mean compared to HIST are quantified for each region (adapted from [25] ) Fig. 9 The NH-SH differences in precipitation (blue) and cross equatorial atmospheric heat transport (red) for the three experiments reported in Haywood et al. [25] as well as the historical model simulation contrasted against the observations (GPCP, Fig. 5 and CERES, Fig, 4 ) Fig. 10 Climate modeling experiments using CESM showing the impact of increasing supercooled liquid in shallow convective clouds to better match satellite observations from CALIPSO and CERES: a Absorbed shortwave radiation difference from control, b northward heat transport difference from control. Figure adapted from [36, 37] equatorial heat transport for the different experiments reported in Haywood et al. [25] . The precipitation asymmetry is approximately linearly related to the cross-equatorial atmospheric energy transport in the model. The second class of experiments, reported both by Kay et al. [36] and Hawcroft et al. [24] , impose a latitudinally distributed adjustment towards hemispheric symmetry. These two studies were conceived independently. The former study was motivated by a recognition that model mixed-phase cloud physics needed improvement [37] in order to reduce long-standing shortwave radiation biases over the Southern Ocean (i.e., those discussed in [69] and [65] ). The latter study, by contrast, was motivated to reduce the longstanding tropical precipitation biases (i.e., via the hypothesis presented in [28] ). The adjustments to the absorbed solar radiation in the Kay et al. experiments applied to the Community Earth System Model (CESM) [27, 35] and the resultant change to the meridional heat transport is provided in Fig. 10 . Brightening the Southern Hemisphere to produce more realistic symmetrical albedo (Fig. 10a ) reduces total northward cross-equatorial heat transport through a reduction in the northward cross-equatorial ocean heat transport but leads to very little change in the cross-equatorial atmospheric heat transport (Fig. 10b) . Figure 11a shows the cross equatorial heat transport response in four experiments described by Hawcroft et al. [24] where idealized albedo adjustments are applied to the HadGEM2-ES, the model used by Haywood et al. [25] , and are targeted at the source regions of inter-hemispheric albedo bias, particularly the Southern Ocean [10] . Hawcroft et al.'s experiments largely result in a closer hemispheric equilibration of albedo than in the control model, with associated adjustments to cross-equatorial energy transport. The largest adjustment to the cross equatorial transport occurs within the oceans (Fig. 11a ) in contrast to the Haywood et al. [25] experiments (Fig. 8a) and then primarily within the Pacific Ocean (Fig. 11b) .
Despite the differing motivations for the experiments, different experimental set-ups and the use of two independently developed models, both studies arrived at a similar conclusion. Imposing hemispheric albedo symmetry to more closely match observations impacts the large-scale circulation, large-scale heat transport, but not tropical precipitation. In both the Kay et al. [36] and Hawcroft et al. [24] studies, the experiments produce tropical precipitation that is largely unaffected by imposing hemispheric energy symmetry because the resulting crossequatorial heat transport changes occurred in the ocean not the atmosphere. These two studies can be contrasted with the improvements in tropical precipitation seen in Haywood et al. [25] . The relationship between cross-equatorial atmospheric heat transport and tropical precipitation asymmetry noted in previous studies [e.g., 13, 73] is reproduced in Haywood et al., though the changes in cross-equatorial atmospheric energy transport can be associated with the local discontinuity in TOA net flux which is induced by the experimental design, rather than a significant improvement in the model's overall performance. Together, these three studies imply that zonal mean tropical precipitation biases in models may be associated with errors in cross-equatorial atmospheric energy transport, that are not resolved by correcting remote energy budget biases, such as those in the Southern Ocean.
Discussion and Conclusions
This paper describes an assembly of a large amount of data used to construct the Earth's hemispheric energy balance. The data include multiple sources of in situ oceanic temperatures to deduce the oceanic heat content, oceanic analyses that provide ocean transports, and surface and TOA radiative flux data from CERES. Because energy and water are synonymous within the Earth system, the characteristics of the hemispheric precipitation are also reviewed. The main result of the study is summarized in Fig. 4 showing a multi-year annual average of the hemispheric energy balance and the fluxes of heat across the equator. The results of Loeb et al. [47] are also included and no attempt was made to adjust the fluxes and provide overall balance choosing to underscore the degree to which the different data sources are imbalanced. A notable feature of the energy balance portrayed is the near hemispheric symmetry in the TOA energy balance as has been noted in other studies in contrast to the surface radiative fluxes that are slightly more asymmetrical. At the TOA, the SH is slightly out of balance and a small amount of heat (0.9 Wm ) is absorbed by the Southern oceans (Fig. 1) whereas the NH appears to be almost in balance. The slight energy imbalance between the hemispheres implies a net transport of heat across the equator from the warmed SH to the NH (Fig. 2) which is realized as a 0.45 PW transport by the oceans and a smaller southward transport of heat (0.22-0.33 PW) by the atmosphere. The turbulent fluxes, deduced in this study from the residual of the net balance at the surface and the surface radiative fluxes, are larger in the SH by about 3 Wm . The hemispheric precipitation is also balanced to approximately 3 Wm −2 according to GPCP data with slightly more precipitation accumulating (4 %) in the NH. Precipitation in each hemisphere has very different properties according to CloudSat data that indicates a higher frequency of precipitation in the SH implying more intense precipitation in the NH. The relationship between the hemispheric energy balance and precipitation in climate models has previously been tendered as an important control on model precipitation biases. The recent studies discussed here [24, 36] , which employed two independently developed fully coupled climate models, indicate that simple improvements to the zonal mean energy balance, which lead to changes in total (ocean plus atmosphere) meridional energy transport, do not yield improvements to tropical precipitation biases, as implied by previous studies using aquaplanet or slab ocean configurations. It appears that the precipitation biases are associated with model problems in representing the cross-equatorial heat transport by the atmosphere (e.g., Figure 9 ) whereas the adjustments to hemispheric equilibration of the TOA budget appear to occur mostly in the oceans. Reducing the underlying physical biases in climate models which cause these biases appears to be a necessary and a challenging hurdle to improve both the energy and precipitation budgets in global models.
